Myoepithelial (ME) tumors of soft tissue and bone display a heterogeneous histologic spectrum and in about half of the cases harbor EWSR1 gene rearrangements. Despite rare case reports, the prevalence of FUS gene abnormalities and its related fusion partners remains undetermined among ME tumors. Therefore, we screened 66 EWSR1-negative ME tumors for FUS abnormalities by fluorescence in situ hybridization (FISH). In an index FUS-rearranged case, 3'-Rapid Amplification of cDNA Ends (RACE) was applied to identify the fusion partner. Results were further confirmed by RT-PCR, followed by FISH screening the entire cohort of FUS-rearranged and EWSR1-positive ME lesions lacking a known fusion partner. The correlation between genotype and clinicopathological features was also investigated. As a result, six (9%) FUSrearranged cases were identified, spanning divergent age groups, tumor locations, and morphologic features. A novel FUS-KLF17 fusion was identified by 3'RACE in an 11 year-old girl with a foot lesion associated with locoregional metastases. Three additional cases with FUS-KLF17 fusions were identified and one KLF17 rearrangement (6.3%) was found among the 16 EWSR1-positive cases tested. The KLF17-related ME tumors affected younger patients and often exhibited trabecular growth in a myxohyaline stroma, but this genotype did not correlate with a malignant phenotype. In conclusion, a small subset of ME tumors harbor FUS rearrangements, two thirds of them being associated with KLF17 fusion. FUS FISH analysis is recommended in EWSR1-negative lesions in which a ME diagnosis is suspected. KLF17 is also a rare gene fusion partner to EWSR1-rearranged ME tumors.
INTRODUCTION
Myoepithelial (ME) tumors of soft tissue and bone are rare tumors resembling their counterparts in salivary gland (Kilpatrick et al., 1997; Hornick and Fletcher, 2003; Rekhi et al., 2012) . They show a wide morphologic spectrum with occasional duct formation or chondroid differentiation, but consistently co-express epithelial markers and S100 protein.
While pleomorphic adenomas of salivary gland frequently exhibit PLAG1 and HMGA2 abnormalities (Kas et al., 1997; Martins et al., 2005; Persson et al., 2009) , PLAG1 rearrangements were mainly identified in a subset of cutaneous and superficial soft tissue ME tumors, often displaying ductal structures, consistent with benign mixed tumors (Bahrami et al., 2012; Antonescu et al., 2013) . Instead, most deep-seated soft tissue and bone ME tumors harbor different molecular alterations. A handful of early case reports described EWSR1 gene rearrangements, including t(1;22)(q23;q12) resulting in an EWSR1-PBX1 fusion and t(19;22)(q13;q12) involving an EWSR1-ZNF444 fusion (Gleason and Fletcher, 2007; Brandal et al., 2008; Brandal et al., 2009) . A subsequent detailed molecular study of 66 ME tumors from soft tissue, bone, and lung revealed EWSR1 rearrangements occurred in 45% of cases, with different fusion partners including POU5F1, PBX1, and ZNF444 (Antonescu et al., 2010) . The EWSR1-positive ME tumors were often seen in children and young adults, involving soft tissue of the extremities. Five ME tumors with EWSR1-POU5F1 fusion shared a predominantly nested growth pattern with distinctive clear cell morphology. EWSR1-PBX1 translocations were found in 5 ME tumors associated with a bland sclerotic appearance and EWSR1-ZNF444 was identified in a pulmonary ME tumor. More recently our group described novel EWSR1-PBX3 gene fusions in 3 cases of ME tumors, occurring with predilection in skeletal locations (Agaram et al., 2014) . Of the 30 EWSR1-negative ME tumors, only one pulmonary case showed FUS gene rearrangement (3%). Two more recent case reports described EWSR1-ATF1 and FUS-POU5F1 fusion transcripts in a pelvic ME tumor of 57 year-old woman and in a sacral lesion of a 54 yearold man, respectively (Flucke et al., 2012; Puls et al., 2014) .
As a significant proportion of ME tumors lack EWSR1 and PLAG1 alterations, we sought to investigate the prevalence of FUS rearrangement by FISH and to analyze the clinicopathologic features of such lesions in a larger cohort of ME tumors. Additionally, we performed 3'-RACE in a FUS-rearranged ME tumor in order to identify possible novel gene partners and to determine their recurrent potential among FUS and EWSR1-positive ME tumors.
MATERIALS AND METHODS

Tumor Samples and Patients Cohort
We retrieved 66 cases of ME tumors lacking EWSR1 and PLAG1 gene rearrangements, 30 of which were included in our earlier study (Antonescu et al., 2010) . The cases were selected from the MSKCC Surgical Pathology and consultation files of the senior authors (CRA, CDF). The slides and corresponding immunohistochemical stains were re-reviewed to confirm the diagnosis according to the standard criteria: tumors were composed of epithelioid, plasmacytoid, or spindled cells forming solid, reticular, or trabecular architectures in a variably myxoid or hyalinized stroma. All tumors showed immunohistochemical evidence of cytokeratin or epithelial membrane antigen (EMA) and S100 protein reactivity, as previously described (Hornick and Fletcher, 2003) . The study was approved by the Institutional Review Board 02-060.
Fluorescence in situ Hybridization (FISH)
FISH for FUS and EWSR1 break-apart assay was applied on formalin-fixed and paraffinembedded 4-micron sections in all cases. FISH was performed by applying custom probes using bacterial artificial chromosomes (BACs), covering and flanking the FUS and EWSR1 gene. Additional BAC clones were designed flanking the novel gene identified in one case by 3'RACE assay. BAC clones were chosen according to UCSC genome browser (http:// genome.ucsc.edu), see Supplementary Table 1. The BAC clones were obtained from BACPAC sources of Children's Hospital of Oakland Research Institute (CHORI) (Oakland, CA)(http://bacpac.chori.org). DNA from individual BACs was isolated according to the manufacturer's instructions, labeled with different fluorochromes in a nick translation reaction, denatured, and hybridized to pretreated slides. Slides were then incubated, washed, and mounted with DAPI in an antifade solution, as previously described (Antonescu et al., 2010) . The genomic location of each BAC set was verified by hybridizing them to normal metaphase chromosomes. Two hundred successive nuclei were examined using a Zeiss fluorescence microscope (Zeiss Axioplan, Oberkochen, Germany), controlled by Isis 5 software (Metasystems, Newton, MA). A positive score was interpreted when at least 20% of the nuclei showed a break-apart signal. Nuclei with incomplete set of signals were omitted from the score.
3'-RACE and Reverse Transcription-PCR (RT-PCR)
Total RNA was extracted from the frozen tissue available in the index case (case #1), using Trizol reagent according to the manufacturer's instructions (Invitrogen, Carlsbad, CA). RNA quality was determined by Eukaryote Total RNA Nano Assay and cDNA quality was tested for PGK housekeeping gene (247 bp amplified product). One microgram of total RNA was prepared for 3'-RACE cDNA synthesis by using the SMARTer™ RACE cDNA Amplification Kit (Clontech, Mountain View, CA). Reverse transcription was initiated at the poly(A) tail of mRNA with 3'-RACE CDS Primer A for making 3'-RACE-Ready cDNA according to the manufacturer's manual. The first round PCR was done by Clontech Advantage 2 PCR Enzyme System kit with the Universal Primer A and FUS_Ex1/2 Fwd primer (5'-CCTCAAACGATTATACCCAACAAGC-3'), followed by nested PCR using the Nested Universal Primer A and FUS_Ex4 Fwd primer (5'-CCAATCGTCTTACGGGCAG CAG-3'). The PCR products were analyzed by electrophoresis, TA cloning, and direct sequencing. Subsequent RT-PCR was performed to validate the RACE results using Clontech Advantage 2 PCR Enzyme System kit for 33 cycles at a 64.5°C annealing temperature, using the above FUS_Ex1/2 Fwd primer and KLF17_Ex2 Rev (5'-GGCTGCTCTGGTAGAAATG GG-3') primer. The amplicon was confirmed by Sanger sequencing. Frozen tissue was available from an additional tumor (case #2) and the FUS-KLF17 fusion transcript was confirmed by RT-PCR using similar primers as above. The cDNA synthesis was performed with SuperScript® III First-Strand Synthesis Kit (Invitrogen), followed by a PCR step. The PCR amplicons were confirmed by direct sequencing.
RESULTS
Clinical and Pathologic Characteristics of FUS-Positive ME Tumors
A total of 6 FUS-rearranged cases (9%) were identified from the 66 ME tumors lacking abnormalities in EWSR1 or PLAG1 genes. There were 4 males and 2 females with a mean age at diagnosis of 28 years (range 8-50; median 32). Most tumors occurred in soft tissue, including extremities, trunk and neck. One lesion involved the tibial periosteum and one was cutaneous. Only one case arose in a visceral location, involving the lung. The tumors demonstrated a broad histologic spectrum, as summarized in Table 1 . The tumors were composed of a mixture of spindled, ovoid, or epithelioid cells, with amphophilic to eosinophilic cytoplasm. Their growth patterns varied from trabecular or reticular within a myxohyaline or hyaline background in 3 cases (Cases #1-3, Figs. 1A-C), to a solid sheetlike arrangement with scant stromal component in 2 cases (Cases #4 and 5, Figs. 1D, 1E) . The remaining case displayed a nested architecture separated by sclerotic septa (Case #6, Fig. 1F ). Focal microcystic change was noted in myxoid areas of case #1. Case #4 showed prominent cytoplasmic vacuolation, imparting a chordoma-like appearance, while case #3 had focal clear cell changes. No ductal differentiation or osteochondroid matrix formation was present in any of the cases.
Two of the cases were designated as malignant (cases #1 and 5). Case #1 had brisk mitotic activity (5/10 HPFs) without significant nuclear pleomorphism, and designated as malignant due to presentation with loco-regional metastatic disease. Case #5 showed significant nuclear atypia, increased mitotic activity (4/10 HPFs), and obvious necrosis (Fig. 1H ). This lesion occurred in chest wall soft tissue and was associated with rib invasion (Fig. 1E) . The remaining 4 cases with no nuclear atypia or increased mitotic activity were diagnosed as benign in spite of two cases showing focal necrosis.
The fusion negative ME group encompassed 38 benign and 22 malignant ME tumors with a male to female ratio of 1.6 and an average age of 43.2 years (median 45, range 2 months to 85 years) after excluding 3 cases without available data. The most common location was lower extremity (20), followed by trunk (13), viscera (10), upper extremity (9), head & neck (4), and body cavity (4).
Novel FUS-KLF17 fusions identified in more than half of FUS-rearranged ME tumors
From the index case, a 11 year-old girl (case #1) who presented with a 6 cm foot mass and multiple small nodules in her lower leg and thigh, frozen tissue was available to perform 3'-RACE PCR. The amplified sequence revealed a chimeric transcript composed of FUS exon 4, followed by a small fragment of FUS intron 4, fused with the 5'-untranslated region (5'-UTR) of KLF17 ( Fig. 2A) . Subsequent RT-PCR (Fig. 2B ) using primers flanking this breakpoint confirmed the fusion transcript by Sanger sequencing. This result was further validated by FISH analysis, using KLF17 specific break-apart probes (Figs. 2C, 2D ). FISH screening for KLF17 abnormalities was performed in the remaining 5 FUS-rearranged ME tumors. Three additional cases (cases # 2-4) were found to have FUS-KLF17 fusions. In case # 2 frozen tissue was also available to perform RT-PCR analysis, which showed FUS exon 6 fused to the 5'-UTR of KLF17 gene (Figs. 2E) . ME tumors harboring FUS-KL17 occurred in 3 males and one female, with a mean age of 21.5 years (range 8-37; median 20.5). The 2 pediatric tumors arose in the lower extremity, while the lesions occurring in adult patients were located in the lung and the skin of the back. Both pediatric FUS-KLF17 ME tumors were composed of cords or nests of epithelioid to spindled tumor cells embedded in a myxoid or hyaline stroma (Fig. 1A, 1B) . One pediatric tumor (case #1) demonstrated brisk mitotic activity (Fig. 1A) and developed multiple soft tissue metastases in the ipsilateral thigh. The cutaneous lesion (case #3) showed epithelioid cells with prominent cytoplasmic vacuoles, reminiscent of "physaliferous cells", arranged in trabeculae or clusters in an alternating myxoid and sclerotic stroma (Fig.  1C) . The pulmonary ME tumor (case #4) showed increased cellularity (Fig. 1D ), focal nuclear atypia and necrosis (Fig. 1G) ; however, no increased mitotic activity was noted.
Rare EWSR1-KLF17 Gene Fusions Identified in ME Tumors
We additionally tested 19 EWSR1-rearranged ME cases lacking a known gene partner, including 9 soft tissue ME cases from our previous study (Antonescu et al., 2010) and 4 cases of cutaneous syncytial myoepithelioma described in another study (Jo et al., 2013) . Excluding three failed cases, only one tumor (case #7) showed an EWSR1-KLF17 fusion among the 16 cases tested (Fig. 3B, 3C ). This case occurred in the left foot soft tissue of a 20 year-old male. Microscopically, the tumor had a lobular architecture and consisted of interconnecting cords or clusters of epithelioid to spindled cells in a myxohyaline stroma (Fig. 3A) . No mitotic activity, nuclear atypia, or necrosis was observed in this case.
Discussion
Since first being described by Dr. Stout in 1959 as cutaneous mixed tumors of the salivary gland type (Stout and Gorman, 1959) , the subsequent studies of ME tumors of soft tissue and bone suggested a heterogeneous histologic spectrum (Kilpatrick et al., 1997; Hornick and Fletcher, 2003) . The critical denominator among these different lesions is the consistent immunoexpression of cytokeratin/EMA and S100 protein, in conjunction with variable degrees of calponin, GFAP, smooth muscle actin, and p63 immunoreactivity, which indicates myoepithelial differentiation (Kilpatrick et al., 1997; Hornick and Fletcher, 2003; Rekhi et al., 2012) . Genetically, the most common abnormality is EWSR1 gene rearrangement, present in approximately half of ME tumors (Antonescu et al., 2010; Flucke et al., 2011) , which is seen most often among deep soft tissue, bone or lung lesions. The most common gene fusions are EWSR1-POU5F1 and EWSR1-PBX1, each accounting for 17% of EWSR1-rearranged tumors (Antonescu et al., 2010) . Alternative fusions have been documented mainly as case reports or small case series, including EWSR1-ZNF444, EWSR1-ATF1, and EWSR1-PBX3 (Brandal et al., 2009; Antonescu et al., 2010; Flucke et al., 2012; Agaram et al., 2014) . Recently, a distinctive variant of cutaneous ME tumor, designated as syncytial myoepithelioma, was found to have a higher percentage (82%) of EWSR1 gene rearrangement (Jo et al., 2013) . However, despite an extensive FISH work-up for known gene candidates, no fusion partner was detected.
The second common molecular finding in ME lesions is the presence of PLAG1 gene rearrangements, detected in 37% of cases lacking EWSR1 and FUS abnormalities, with a rare case demonstrating LIFR-PLAG1 fusion . All 13 PLAG1-rearranged ME cases were benign and occur in dermis or subcutis and 12 of them showed tubulo-ductal differentiation. Among 11 ME tumors tested, Bahrami et al. found 5 cutaneous and 3 soft tissue cases exhibiting PLAG1 rearrangement, which were associated with prominent ductal structures and PLAG1 immunoreactivity (Bahrami et al., 2012) . Conversely, a different study showed that cutaneous mixed tumors could also harbor EWSR1 abnormalities (Flucke et al., 2011) . No HMGA2 gene abnormalities were discovered so far in soft tissue or bone ME tumors (Hallor et al., 2008; Antonescu et al., 2013) .
FUS rearrangement in ME tumors has only rarely been documented in literature. One such example was described in a pulmonary lesion of a 30 year-old man (Antonescu et al., 2010) , also included in our current study (case #4). The second case is that of an intraosseous sacral ME tumor from a 54 year-old man (Puls et al., 2014) . Morphologically, this latter case was composed of epithelioid cells arranged in a reticular and nested pattern in a densely hyalinized matrix. The tumor showed mild nuclear pleomorphism and a mitotic count of 3/10 HPFs. Cytogenetic analysis revealed a 46,XY,del(6)(p21),der(16)t(6;16)(p21;p11) karyotype. The SNP array confirmed a 6p22.3-6p21.2 deletion, affecting the POU5F1 gene, and a 16p deletion, with one of the breakpoints in the FUS gene. Subsequent FISH and RT-PCR confirmed a FUS-POU5F1 transcript involving FUS exon 5 and POU5F1 intron 1 and exon 2.
The current work investigates the prevalence of FUS gene abnormalities and its potential fusion partners in a large cohort of 66 EWSR1 and/or PLAG1-negative ME tumors. Our results from combined FISH and 3'RACE/RT-PCR assays found 6 FUS-rearranged ME tumors (9%). As seen with most EWSR1-positive lesions, the FUS-rearranged ME tumors had wide clinical presentations, morphologic patterns, and consistently lacked ductal differentiation or osteochondroid matrix formation. Remarkably, 4 of the 6 FUS-rearranged ME tumors showed novel FUS-KLF17 fusion. KLF17 (Krüppel-like factor 17), a.k.a. ZNF393 (Zinc Finger Protein 393), located at chromosome 1p34.1 region, is the human homologue to murine Zfp393 and encodes a protein containing 389 amino acids (van Vliet et al., 2006) . The Sp/KLF family consists of 25 known members and is characterized by a highly conserved C-terminal DNA-binding domains having three C 2 H 2 Krüppel-like zinc motifs, which bind G/C-rich sites in DNA such as GC-box and CACCC-box sequences (Swamynathan, 2010) . Thereby, KLF17 protein acts as a transcription factor involved in regulation of different genes. In breast cancer, KLF17 protein acts as a negative regulator of epithelial-mesenchymal transition and metastasis (Gumireddy et al., 2009) , by binding its 5'-CACCC-3' sequence to the ID1 promoter, a key metastasis regulator in breast cancer, and repressing its expression. Similarly reduced KLF17 levels correlates with tumor growth, distant metastasis and poor prognosis in lung carcinoma, hepatocellular carcinoma, gastric cancer, and papillary thyroid carcinoma (Cai et al., 2012; Liu et al., 2013; Peng et al., 2014; Ye et al., 2014) . In endometrioid-type uterine cancer, KLF17 was implicated in epithelial to mesenchymal transition via direct activation of TWIST1 and its overexpression was associated with high tumor grade and loss of hormone receptors (Dong et al., 2014) . KLF17 may also function as a germ cell-specific transcription factor involving in spermatid differentiation and oocyte development (Yan et al., 2002) . As the KLF17 breakpoint in ME tumor was located in the 5'-UTR, which is a critical region controlling mRNA translation, degradation, and localization (Mignone et al., 2002) , the subsequent FUS-KLF17 or EWSR1-KLF17 chimeric transcript may dysregulate the translation or function of the KLF17 protein.
Half of the FUS-KLF17-positive ME tumors occurred in children, involving the soft tissue of lower extremities and exhibited uniform epithelioid to spindled cell morphology, arranged in trabecular or reticular patterns in a myxohyaline stroma. In contrast, EWSR1-KLF17 gene fusion was found only in one of the 16 EWSR1-rearranged cases tested. This case occurred in the lower extremity soft tissue of a young patient and demonstrated classic morphologic features similar to those of FUS-KLF17 fusion positive ME tumors.
Based on their similar function, it is not surprising that EWSR1 and FUS can be involved interchangeably as oncogenic fusion partners in ME neoplasms. The FUS (fused in sarcoma) gene, also known as TLS (translocated in liposarcoma), is a member of the TET family together with EWSR1 (EWS RNA-binding protein 1 or Ewing sarcoma breakpoint region 1) and TATA-binding protein-associated factor 15 (TAF15) (Aman et al., 1996; Morohoshi et al., 1998; Paronetto, 2013) . Similar to EWSR1 gene, the FUS gene participates in multiple chimeric transcripts not only in mesenchymal tumors but also in hematologic malignancies (Ichikawa et al., 1994) . There are many notable examples where EWSR1 and FUS can substitute for one another as fusion partners in sarcomas, such as myxoid liposarcoma (FUS/ EWSR1-DDIT3), low-grade fibromyxoid sarcoma (EWSR1/FUS related fusions either with CREB3L2 or CREB3L1), and angiomatoid fibrous histiocytoma (EWSR1/FUS-ATF1) (Rabbitts et al., 1993; Waters et al., 2000; Panagopoulos et al., 2004; Mertens et al., 2005) . However, there is rarely equal involvement, with either EWSR1 or FUS prevalence predominating in a particular type of sarcoma, while, in some sarcoma types only one of the genes is implicated in their pathogenesis (i.e. clear cell sarcoma, desmoplastic small round cell tumor) (Fisher, 2014) . In keeping with these results, the EWSR1-related fusions are more frequent events compared to FUS alterations in ME neoplasms. One possible explanation why FUS-KLF17 fusions outnumber EWSR1-KLF17 fusions in ME tumors is that both FUS and KLF17 have the same orientation (centromeric) and their fusion can be achieved by a simple balanced translocation.
In summary, we identified a small subset (9%) of FUS-rearranged cases from studying a large cohort of EWSR1-negative ME tumors. The FUS-rearranged ME tumors spanned a heterogeneous clinical and pathologic spectrum, including both benign and malignant/ metastatic examples. The most common fusion partner was KLF17 seen in 4 cases (67%), resulting in novel FUS-KLF17 fusions, which occurred mainly in the deep soft tissue of extremities in children. Their morphology showed epithelioid to ovoid cells arranged in a trabecular growth in a myxohyaline stroma. Thus, FUS FISH analysis is recommended in EWSR1-negative lesions in which a ME diagnosis is suspected. Additionally, KLF17 was Table 1 Clinical and pathological features of myoepithelial tumors with FUS and/or KLF17 translocations. 
